Background: Although potential links between malaria parasitaemia and hypertension have been hypothesized, there is paucity of epidemiologic evidence on this link. We investigated in a population-based survey, the association between malaria parasitaemia and hypertension in Ivorian adults.
INTRODUCTION
T he prevalence of hypertension in low-income and middle-income countries (LMICs) is increasing [1, 2] , contributing to higher mortality rates because of cardiovascular diseases (CVD) [3] . Although this may be attributed to urbanization and westernization of lifestyle, they do not explain the high rates that have also been observed in rural areas [4] . Persons of African ethnic background are well known to have comparatively higher blood pressure (BP) and stroke risk than Caucasians [5] . At the same time, malaria parasitaemia remains prevalent and a significant contributor to mortality in LMICs [6] . Together with malaria parasitaemia, hypertension contributes to a state of double disease burden, which further strains individual health and poor health systems in LMICs.
A potential link between malaria parasitaemia and hypertension was hypothesized. Suggested pathways can be divided into causative malaria parasitaemia effects and shared origins [7, 8] . Proposed direct effects of malaria parasitaemia include the promotion, in the long-term, of an atherosclerosispromoting pro-inflammatory state because of repeated infections [7, [9] [10] [11] . In-utero and early life effects of malaria parasitaemia on low birth weight, malnutrition and stunting, are established risk factors for CVD later in life [7, [12] [13] [14] [15] [16] . In pregnant women, malaria parasitaemia effect on preeclampsia puts them at risk for hypertension [7] . In the short-term, malaria parasitaemia could induce BP fluctuations in either direction [11, 17] . It is even conceivable that BP may first increase during the milder stages of malaria parasitaemia and subsequently falls as observed in severe malaria [18, 19] .
The shared origin hypothesis [7, 8] is rooted in pathways common to malaria parasitaemia and hypertension, such as immunity, inflammation and body fluid regulation, and in the observation of higher rates of hypertension among individuals of African and Asian ancestry in malaria-free western settings [20] . It suggests selective pressure of genetic variants that protect against malaria or its pathogenesis, regardless of other potentially resulting negative systemic outcomes [8, 21] . Malaria parasitaemia exerted the strongest selective pressure on the human genome in recent history, in part related to sickle cell trait [22] . But the latter was not related to 24-h BP measurements and arterial stiffness in African children from a malaria-free region [23] . Additional genes under selective pressure include those involved in oxidative stress, inflammation, immunity and endothelial function [22] . Genetic variants that promote angiotensin-converting enzyme (ACE) activity, and hypertension [24, 25] , have higher expression rates in African Americans compared with whites [26, 27] , and were associated with milder forms of malaria [28] [29] [30] .
However, there is a paucity of population-based epidemiologic evidence on the association between malaria parasitaemia and hypertension. Malaria patients had lower SBP [31] , and higher serum ACE activity [29] compared with controls in hospital-based studies. We investigated using a population-based approach, the association between malaria parasitaemia and hypertension in Ivorian adults from a malaria-endemic setting [32, 33] .
METHODS

Study population
This study was done within the Côte d'Ivoire Dual Burden of Disease Study (CoDuBu), which aims to investigate the co-occurrence of infectious diseases and noncommunicable diseases (NCDs), in the Taabo health and demographic surveillance system (HDSS) [34] . Details of CoDuBu have been described elsewhere [35] . Briefly, 1019 adults (50% men) were randomly recruited in 2017 from three Taabo HDSS communities (Amani-Ménou, Taabo-Cité and Tokohiri). Participants, in a fasting state, underwent health examinations, including anthropometry, BP, haemoglobin (Hb), malaria rapid diagnostic test (RDT), and thick and thin blood film microscopy. A biobank constituting blood, stool and urine was set up for future research on the molecular basis of infectious disease-NCD relationship. Participants also had detailed interviews covering their health status and lifestyle characteristics.
The 
Case definition of malaria parasitaemia
Venous blood from participants was applied toward RDT and microscopy for the identification of Plasmodium infection. RDT was done using Malaria Dual PF/PAN Antigen (Histidinerich protein II (HRP2)/parasite lactate dehydrogenase (pLDH)) test (ICT Diagnostics, Cape Town, South Africa), which is an in-vitro immunochromatographic assay for the qualitative detection of Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale and Plasmodium malariae antigens in blood. RDTs were performed by experienced laboratory technicians, and only valid tests were recorded.
Thick and thin blood films were also prepared, air-dried, Giemsa-stained, and examined under a light microscope at high magnification, for Plasmodium spp. identification and quantification. Parasites were counted against 200 leukocytes (or 500 leukocytes if parasite count was less than 10), assuming a standard count of 8000 leukocytes/ml of blood [36] . For quality control, a random sample of 10% of the slides was re-read by a senior laboratory technician and inter-rater agreement was 100%.
We identified participants as malaria parasitaemia-positive, if they tested positive to either RDT or microscopy, regardless of Plasmodium spp. or density. As the RDT may detect low-density infections, and the HRP2 antigens of P. falciparum for a few weeks following parasite clearance [37] , we defined two diagnosis-specific malaria parasitaemia, including RDT-only malaria parasitaemia (excluding those identified by microscopic malaria parasitaemia, representing more latent infection) and microscopic malaria parasitaemia (excluding RDT-only malaria parasitaemia, representing more active infection).
Case definition of prehypertension and hypertension
Participants had three BP measurements, 3 min apart, using Omron Oscillograph and appropriate-sized cuffs (OMRON Healthcare, Kyoto, Japan). The mean of the last two measurements was taken for further analyses. Prehypertension was defined as mean SBP of 120-139 mmHg or DBP of 80-89 mmHg, in the absence of clinician-diagnosed hypertension. Hypertension was defined as having mean SBP at least 140 mmHg or DBP at least 90 mmHg or clinician-diagnosed hypertension or antihypertensive medication use. All cases of hypertension underwent electrocardiography, had 1 month of free treatment, and were subsequently enrolled in a subsidized treatment and follow-up plan. continuous), sex (male/female), educational attainment (none/primary/secondary/tertiary), household wealth index derived as a principal component analysis of properties belonging to household of the participant [34] and study area. We further considered CVD risk factors including smoking status (never/former/current), intake of fruits and vegetables (never/monthly/weekly/several days per week), sedentariness (hours per week spent sitting or lying excluding sleep; continuous), family history of hypertension (yes/ no) and general susceptibility to illness (in comparison to same sex and age group; lower/higher). Participants also reported fever (yes/no) before examination.
Weight (kg), height (m) and waist circumference (cm) were measured and BMI was calculated as the weightheight-squared ratio (kg/m 2 ). Body temperature was measured using Omron auricular thermometer (Omron Healthcare, Kyoto, Japan) and was classified along the mean ( 36.5 8C/>36.5 8C; range: 34.6-37.9 8C) for analyses. Hb was measured with HemoCue Hb 301 (HemoCue AB, Ä ngelholm, Sweden), and anaemia was defined based on WHO recommendations [38] .
Statistical analyses
We described the characteristics of participants using frequencies for categorical variables and means and SDs for continuous variables. We imputed age-adjusted, sexadjusted, and area-adjusted mean of the missing covariate data. We stratified these characteristics by hypertension status and tested differences in proportions and means using x 2 and t-tests, respectively. We performed multinomial logistic regression for associations between malaria parasitaemia and prehypertension and hypertension, in unadjusted and adjusted models. We performed covariate adjustment in a stepwise fashion and the covariates included age, sex, educational attainment, wealth index, area, family history of hypertension, smoking, intake of fruits and vegetables, BMI, waist circumference, sedentariness and anaemia. We performed sensitivity analyses by limiting malaria parasitaemia cases to (sensitivity model i) RDT malaria parasitaemia (regardless of microscopy); (sensitivity model ii) microscopic malaria parasitaemia (regardless of RDT); (sensitivity model iii) RDT-only malaria parasitaemia (excluding microscopypositive cases) and (sensitivity model iv) microscopic malaria parasitaemia (excluding RDT-only positive cases).
Using the adjusted model, we tested effect modification by age, sex, self-reported fever, body temperature, family history of hypertension, and illness susceptibility. We also performed these effect modification analyses using the sensitivity models (iii) and (iv) mentioned above. Furthermore, we tested associations of prehypertension and hypertension (and of SBP and DBP) with combinations of elevated temperature and malaria parasitaemia diagnosis, in adjusted models. For these analyses, we classified participants into six exclusive groups, including (group i) malaria parasitaemia-negative without elevated body temperature (i.e. no self-reported fever and body temperature 36.5 8 C; reference group); (group ii) malaria parasitaemia-negative with elevated body temperature (i.e. selfreported fever or body temperature >36.5 8C); (group iii) RDT-only malaria parasitaemia-positive, without elevated body temperature; (group iv) RDT-only malaria parasitaemia-positive, with elevated body temperature; (group v) microscopic malaria parasitaemia-positive, without elevated body temperature and (group vi) microscopic malaria parasitaemia-positive, with elevated body temperature.
All results are reported as odds ratios (ORs) or beta coefficients (b) and their 95% confidence intervals (CIs). All analyses were performed with Stata version 14 (Stata Corporation, College Station, Texas, USA) and R Studio version 0.99.092 (R Foundation, Vienna, Austria).
RESULTS
We included 997 (98% inclusion rate) participants for analyses. Among the excluded were two participants who lacked BP data, and 20 pregnant women. Included participants were 51% men, aged 18-87 years, with 55% having at least primary education. Mean (standard deviation; SD) of SBP and DBP were 122 (18) mmHg and 79 (12) mmHg, respectively. Compared with nonhypertensive participants, hypertensive participants were older, more often women, had higher socioeconomic status, sedentariness, adiposity and family history of hypertension ( Table 1) .
Prevalence of malaria parasitaemia was 10%. Prevalence of RDT-positive malaria parasitaemia was 9.6%, whereas microscopic malaria parasitaemia was 5.4%. Most (82%) of the malaria parasitaemia cases identified by microscopy or RDT were P. falciparum. Prevalence of self-reported fever was 14%. Agreement between body temperature and selfreported fever was 56.3%. Prevalence of prehypertension and hypertension was 33 and 22%, respectively. Prevalence of hypertension was higher among malaria parasitaemianegative participants (24%) than malaria parasitaemia-positive participants (14%) but prehypertension was not different by malaria parasitaemia status (both 33%).
Associations between malaria parasitaemia and prehypertension and hypertension were generally negative. Unadjusted ORs of prehypertension and hypertension in relation to malaria parasitaemia were 0.81 (95% CI 0.51-1.29) and 0.48 (95% CI 0.26-0.89). Adjusting for age, sex and socioeconomic covariates attenuated the ORs of prehypertension and hypertension. Associations remained stable to further adjustment for family history of hypertension, smoking and nutritional factors, but were further attenuated on accounting for adiposity and sedentariness. Associations remained stable to further adjustment for anaemia. Thus, the fully adjusted ORs of prehypertension and hypertension in relation to malaria parasitaemia were 0.97 (95% CI 0.59-1.58) and 0.65 (95% CI 0.32-1.33), respectively ( Table 2) .
Estimates of association between malaria parasitaemia and prehypertension and hypertension were robust to sensitivity analyses, especially when limiting malaria parasitaemia to RDT, with associations between RDT-only malaria parasitaemia and hypertension reaching borderline significance [OR 0.40 (95% CI 0.14-1.14). Associations between microscopic malaria parasitaemia and prehypertension and hypertension tended to be positive, with respective ORs of 1.09 (95% CI 0.57-2.11) and 1.05 (95% CI 0.41-2.67) ( Table 2 ).
We observed differences by self-reported fever (P interaction ¼ 0.04) and body temperature (P interaction ¼ 0.04) 0.04) on the association between malaria parasitaemia and hypertension in our study. We observed a negative association in participants without self-reported fever (OR 0.40; 95% CI 0.17-0.98), and a positive association in those reporting fever (OR 2.30; 95% CI 0.58-9.21). Similarly, we observed a negative association in participants with body temperature 36.5 8C or less (OR 0.23; 95% CI 0.06-0.84) and a positive association in those with body temperature greater than 36.5 8C (OR 1.21; 95% CI 0.50-2.92). This trend was similar for prehypertension ( Fig. 1) .
We observed a stronger magnitude of association in the participants with self-reported fever or having higher body temperature in models limited to microscopic malaria Hypertension was defined as SBP at least 140 mmHg or DBP at least 90 mmHg or clinician-diagnosed hypertension. Anaemia was indirectly measured using Hb level and categorized according to WHO guidelines [38] . Missing data represents the number of participants who had single imputations of age-adjusted, sex-adjusted and area-adjusted means of the respective variation. Wealth index was derived from a principal component analysis, including all assets owned by the household of participants. Sedentariness was defined as hours per week spent in a sitting or lying position, excluding sleeping hours. RDT, rapid diagnostic test. a Positive malaria rapid diagnostic test or microscopy.
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Journal of Hypertension www.jhypertension.comparasitaemia. Adjusted ORs of hypertension in relation to microscopic malaria parasitaemia was 4.89 (95% CI 0.90-26.90; P ¼ 0.07) among those with self-reported fever (P interaction ¼ 0.03), and 2.93 (95% CI 0.94-9.14; P ¼ 0.06) among those with body temperature greater than 36.5 8C (P interaction ¼ 0.02). We found differences by diagnostic test (P interaction(RDT vs. microscopy) ¼ 0.03), in the modifying effect of body temperature on malaria parasitaemia-hypertension association. We also found similar test-specific trends with prehypertension (Table 3) . Combinations of presence of malaria parasitaemia, elevated body temperature and diagnostic test showed positive associations between being microscopic malaria parasitaemia-positive and having elevated body temperature with hypertension [OR 3.37 (95% CI 1.12-10.10)] compared with being malaria parasitaemia-negative without elevated body temperature. This finding was also replicated with both SBP and DBP where their sample mean increased by 8.8 mmHg (95% CI 2.9-14.6 mmHg) and 4.1 mmHg (95% CI 0.3-7.9 mmHg), respectively (Table 4 ).
DISCUSSION
We found that the cross-sectional distributions of BP and malaria parasitaemia were not independent. The associations depended on latency and symptomaticity of infection, and did not importantly depend on common hypertension risk factors. The differences in the direction of association observed between RDT malaria parasitaemia and microscopic malaria parasitaemia might be because of the long half-life of P. falciparum HRP-II antigens, which means that they can still be detected for several days following malaria treatment [39] . Thus, the RDTs may have picked up the more latent or asymptomatic cases, in comparison to microscopy, which may have identified more active malaria cases, thus preferred in practice for monitoring malaria treatment [37] .
Among participants whose malaria parasitaemia was more likely latent and asymptomatic (RDT-diagnosed; no signs of elevated temperature), the risk of hypertension tended to be lower, compared with those with neither malaria parasitaemia nor elevated body temperature. Persons with this type of malaria parasitaemia have a higher likelihood of efficiently fighting infections, in particular, because self-reported low illness susceptibility further decreased the risk of hypertension. This result is consistent with a causal effect of malaria parasitaemia on hypertension, if the currently observed malaria parasitaemia circumstances reflect a more general and long-term propensity to efficiently fight a Plasmodium infection, which is more prevalent than among those not currently having malaria parasitaemia. In this case, the lower level of BP among the participants with more latent malaria may reflect that they possibly had fewer severe infections and pro-inflammatory episodes over the life course [7, 9, [12] [13] [14] .
This result is also compatible with the shared origin hypothesis and the relation to selective pressure of genes protecting against malaria [40] . The observed association of latent malaria with lower hypertension risk suggests that genetic variants were selected, which protect humans against severe malaria and at the same time protect against high BP. This is also supported by the fact that the protective effect of latent malaria tended to be stronger with a positive family history of hypertension.
Candidate genes potentially relevant to the shared origin hypothesis exist. First, genetic variants of ACE (D allele of ACE I/D polymorphism), which were associated with higher ACE levels and increased conversion of angiotensin-I to angiotensin-II [28] , were associated with hypertension [41] , and milder forms of malaria in Indian population [28] . This is not in line with our finding of an inverse All estimates were derived from multinomial logistic regression models comparing odds of prehypertension and hypertension in malaria-positive vs. malaria-negative participants. Age (years), BMI (kg/m 2 ) and waist circumference (cm) were treated as continuous variables. Education was measured as formal education (yes/no); wealth index was derived from a principal component analysis, including all assets owned by the household of participants; smoking was categorized as never, former or current; fruit and vegetable intake was categorized into never/monthly/weekly/several days per week, respectively; waist circumference was measured at the level of the umbilicus at point of expiration; sedentariness was measured as hours per week spent in a sitting or lying position excluding night-time sleeping hours. Anaemia was indirectly measured using Hb level and categorized according to WHO guidelines [38] . CI, confidence interval; OR, odds ratio; RDT, rapid diagnostic test. a N (parasitaemia) ¼ 100.
association between latent malaria and hypertension. But in line with our findings is a recent study from Nigeria where serum levels of ACE were higher in patients without malaria than in malaria cases, and ACE level was inversely correlated with malaria severity [29] . Second, genetic variants on chemokine receptor 1 (CR1) gene, which are related to atherosclerosis [42] also conferred protection from severe malaria [43, 44] .
Among participants with microscopic malaria, accompanied by elevated body temperature, whose infection is more likely acute and symptomatic, a tendency toward higher BP was observed compared with those without malaria parasitaemia and elevated body temperature.
Several aspects may explain this positive association. First, elevated BP could be the acute outcome of disease and fever. Second, the current nonlatent disease could be representative of the person's more general reaction to infection. In this case, the participants may have experienced more severe infections and pro-inflammatory episodes in the past, mediating the effect on high BP. In-utero exposure to microscopic malaria was associated with BP in adolescents [12] . Fever, characteristic of symptomatic malaria results from inflammation and may lead to haemodynamic changes, which raise BP to improve perfusion and restore homeostasis [45, 46] . Third, the observed positive association may again reflect shared genetics with FIGURE 1 Adjusted odds ratios (circular points) and 95% confidence intervals (spikes) of the association between malaria parasitaemia (defined as positive microscopy or rapid diagnostic test) and hypertension phenotypes, stratified by potential modifiers. All estimates were derived from multivariable multinomial logistic regression models comparing odds of prehypertension and hypertension in malaria-positive vs. malaria-negative participants. All models were adjusted for age, sex, formal education, wealth index, area, family history of hypertension, smoking, fruit and vegetable intake, BMI, waist circumference, sedentariness and anaemia. Susceptibility was defined as a selfreport of falling ill more frequently than people of the same sex and age group. CI, confidence interval; HTN, hypertension. individuals susceptible to severe malaria being at higher risk of hypertension. The mechanisms behind shared genetics are still unclear, but the strengthening of the endothelial-brain barrier via vasoconstriction is thought to be a pathway to reduce the occurrence of cerebral malaria, evidenced by experimental mouse models [30] .
The strengths of our study include being the first population-based survey, to our knowledge, investigating the direct association of malaria parasitaemia and hypertension. We also investigated associations with prehypertension, a preclinical phenotype of hypertension. Our composite definition of hypertension using objectively measured BP as well as self-reported clinician diagnoses limited outcome misclassification. Likewise, the combination of RDT and microscopy for malaria parasitaemia diagnosis improved case detection, and allowed differentiating latent from nonlatent malaria as potential proxy measures for the efficiency of an organism in controlling infection. The availability of detailed information on risk factors enabled the control of potential confounding in our analyses.
Our study is limited by its cross-sectional nature, which precludes causal inference from our findings. We could, therefore, not distinguish between malaria parasitaemia effects on short-term BP elevation from malaria parasitaemia effects on risk of developing hypertension. We may have had some malaria parasitaemia exposure misclassification as we did not apply PCR test toward the identification All estimates were derived from multivariable multinomial logistic regression models comparing odds of prehypertension and hypertension in malaria positive vs. negative participants. All models were adjusted for age, sex, formal education, wealth index, area, family history of hypertension, smoking, fruits and vegetables, BMI, waist circumference, sedentariness and anaemia. CI, confidence interval; OR, odds ratio; RDT, rapid diagnostic test. P values represent the significance level of the difference in estimates between comparative groups.
P value of interaction (RDT vs. microscopy) for hypertension is 0.03. Estimates of prehypertension and hypertension were derived from multivariable multinomial logistic regression models whereas those of SBP and DBP were derived from multivariable linear regression models comparing malaria-positive vs. malaria-negative participants. Parasitaemia-negative implies a negative test to both RDT and microscopy. Elevated body temperature implies having self-reported fever or measured body temperature greater than 36.5 8C. All models were adjusted for age, sex, formal education, wealth index, area, family history of hypertension, smoking, fruit and vegetable intake, BMI, waist circumference, sedentariness and anaemia. n.a, not applicable because of lack of hypertension case in the group. b, beta-coefficient; CI, confidence interval; OR, odds ratio; RDT, rapid diagnostic test. a Models additionally exclude 41 participants on antihypertensive medication.
of malaria parasitaemia cases. Although the combination of both microscopy and RDT has limited this misclassification, PCR might have identified additional malaria parasitaemia, and should be applied in future studies to more accurately capture the malaria parasitaemia profile of the population. A further limitation of the current and prior studies is the challenge in measuring the efficiency of human organisms in containing an infection over the life course. According immunological or other markers specific to this malariaendemic setting do not exist to our knowledge. In addition, information on exposure to severe malaria infections in utero or early childhood was not obtainable. Despite our relatively low study sample, the prevalence of hypertension in our population corresponds to that (25.6%) of the 2005 subnational survey in Côte d'Ivoire [47] , and the prevalence of hypertension in malaria in our study (14%) is also similar to that (20%) of another study [29] .
In conclusion, the results of this study suggest that malaria and BP may influence each other or share a genetic background in a complex manner. The immediate implication of our findings is the recommendation to abstain from diagnosing a new hypertension in the setting of an acute malaria infection. From a public health perspective, it becomes obvious that burden of risk estimates for hypertension in LMICs should consider the dual disease burden. Well designed and highly powered longitudinal studies, considering malaria and hypertension phenotypes, are needed to test and differentiate between the hypothesized mechanisms mediating the malaria-hypertension association. Mendelian randomization approaches, as recently proposed on the basis of sickle cell trait variants, not associated with hypertension [23] , would allow to specifically investigate the causality of malaria effect on hypertension.
